Introduction
Maintaining hydraulic conductance of the stem xylem vessels throughout the growing season is crucial for plants. Water in the xylem vessel is usually under negative pressure and, therefore, is vulnerable to cavitation, i.e. blockage of the water column due to the entry of gas into the vessel lumen (Tyree and Sperry 1989) . Once cavitation occurs, gas expands to fill the whole vessel and the vessel becomes embolized. The embolized vessel is filled initially with water vapor and some air (Tyree 1997) . However, the water vapor is replaced with air within 1,000 s after cavitation (Tyree and Sperry 1989) . Embolism reduces hydraulic conductivity in xylem and is identified as a major factor that reduces the primary productivity of forests (Anderegg et al. 2012 ) and causes plant death (Kursar et al. 2009 ).
Water refilling of the embolized vessels requires gas dissolution into the surrounding water (Tyree and Yang, 1992 ). Henry's law states that the solubility of a gas in water is proportional to its partial pressure in the gas phase adjacent to the water. Thus, gas dissolution in the embolized vessels is facilitated by positive pressure.
Xylem refilling by positive root pressure occurs at night or in early spring, when transpiration is largely suppressed (Hacke and Sauter 1996) . In contrast, studies with a wide range of species showed that refilling of embolized vessels also occurs when the bulk of water in the xylem remains under negative pressure (e.g. Ogasa, et al. 2010 , Tyree et al. 1999 . Concerning xylem refilling under negative pressure, there are lively discussions on whether the embolism repair can be assessed as the increase in the hydraulic conductivity by rehydration (Wheeler et al. 2013 , Sperry, 2013 , Trifilò et al. 2014 , Torres-Ruiz et al. 2015 , Trifilò et al. 2015 . However, several studies confirm xylem refilling under negative pressure by visualizations with magnetic resonance imaging and high-resolution computed tomography (Scheenen et al. 2007 , Brodersen et al. 2010 , Brodersen and McElrone 2013 . Xylem refilling was enhanced and inhibited by application of fusicoccin (an activator of the plasma membrane H + -ATPase) and orthovanadate (an inhibitor of the plasma membrane H stem (Salleo et al. 2004 ). Moreover, starch was hydrolyzed in the xylem parenchyma cells adjacent to embolized vessels, and sucrose concentration in the wood increased during the xylem refilling (Salleo et al. 2004, Secchi and Zwieniecki, 2011) . These indicate that water entry into the embolized vessel may be osmotically induced by the active transport of the compounds such as sucrose from the neighboring xylem parenchyma cells into the vessel. Water entry pressurizes and thereby solubilizes the gas bubble, eventually allowing refilling of the embolized vessel.
Theoretically, the pressure in the gas phase in the refilling vessel must be positive relative to atmospheric pressure while water in the adjacent vessels is under negative pressure. Then, the water in the refilling vessel would be forced to move into the adjacent functional vessels, preventing xylem refilling. Thus, there must exist mechanisms preventing the refilling vessel water from being lost to the adjacent functional vessels under negative pressure. Two hypotheses have been proposed for the mechanism that prevents water in a refilling vessel from being drawn up by adjacent vessels under negative pressure. The pit membrane osmosis hypothesis proposes that xylem refilling involves the release of high molecular mass polysaccharides from xylem parenchyma cells into the refilling vessel lumen (Fig. 1A; Hacke and Sperry 2003) . The polysaccharides are assumed to be impermeable to the intervessel pit membranes and cause a negative osmotic potential in the vessel water in the refilling vessels. The negative osmotic potential in the sap not only prevents water in the refilling vessel from moving away but also draws water from the surrounding vessels and tissues.
The pit valve hypothesis proposes that a small volume of gas is retained within each of the bordered pit chambers between the refilling vessel and the adjacent functional vessels during xylem refilling (Fig. 1B; Holbrook and Zwieniecki 1999) . Pits are regions of cell wall lacking the thickening of secondary cell wall, providing pathways for water and solutes between the neighboring vessels. If gas remains in the intervessel pits, water in the refilling lumen will be isolated from water in the surrounding functioning vessels at a negative pressure. The intervessel pits typically have overarching walls that form small, bowl-shaped chambers. The angle of the flare from the pit aperture and nonzero contact angle of the water with the pit wall cause a convex interface between the gas in the pit chamber and the water in the refilling lumen. The convex meniscus means that the force due to surface tension will oppose the hydrostatic pressure in the refilling lumen. As long as the positive pressure in the lumen does not exceed the force due to surface tension, the meniscus will be stable, even though the volume of gas in the pit chamber is extremely small. The bordered pits that trap gas inside are referred to pit valves hereafter.
For the pit membrane osmosis hypothesis, the size of pores through the intervessel pit membranes has been examined (Sano 2005 , Choat et al. 2008 , Jansen et al. 2009 . If the median pore size in pit membranes is 10 nm, and the minimum osmotic potential that can be generated using 10 nm diameter particles is insufficient for the xylem refilling under strongly negative xylem pressure (Zwieniecki and Holbrook 2009 ). However, from the pore size data only, it is difficult to judge whether the pit membranes show the semi-permeability. The pit membranes may show partial semi-permeability even for A B Fig. 1 Schematic illustration of the two hypotheses for the mechanism preventing water in a refilling vessel from being drawn up by the surrounding vessels under negative pressure. (A) Pit membrane osmosis hypothesis. This hypothesis assumes that polysaccharides with high molecular masses are released from xylem parenchyma cells into the refilling vessel lumen. The pit membrane functions as a semi-permeable membrane for the polysaccharides. If an adequate amount of the polysaccharides is transported into the refilling vessel, the water potential of the refilling vessel sap decreases, and is more negative than that of the sap in the surrounding functional vessels. (B) Pit valve hypothesis. This hypothesis assumes that gas in each pit chamber can isolate water in the refilling lumen from the surrounding water. Given that the wall inside the pit is moderately hydrophilic and the pit chamber is flare-shaped, a pressure difference between the gas in the pit chamber and the water in the refilling vessel is generated due to surface tension. The maximum force of this surface tension is calculated from the contact angle (y) and the wall angle (a). As long as the positive pressure of the water in the refilling vessels does not exceed this force, the gas in the pit chamber is below the atmospheric pressure, and will be stable.
small molecules that can pass through the pit membranes. This is because (i) the size of pores in the pit membranes varies greatly (Choat et al. 2004 ) and (ii) the velocity of the solute movement can be lowered by the chemical interactions between the solutes and materials of the pit membranes (Van der Bruggen et al. 1999) . Moreover, for maintenance of a given osmotic pressure in the refilling vessel sap, it would not be necessary for the pit membranes to show perfect semi-permeability. The degree of semi-permeability of the intervessel pit membranes, however, has never been examined experimentally.
The pit valve hypothesis assumes that pit valves are retained until the lumen of the embolized vessel has been completely filled with water. Because the pressure generated by surface tension opposes the hydrostatic pressure within the refilling lumen, the maximum pressure within the lumen up to which the pit valve is retained is equal to the pressure due to surface tension. The pressure due to surface tension is determined by the geometry and chemistry of the bordered pits, and has been theoretically estimated for six species (Zwieniecki and Holbrook 2000) . No studies, however, have confirmed experimentally that the pit valve works in vivo. Furthermore, the pit valves must collapse simultaneously. Otherwise remaining gases in pit chambers can expand to re-embolize the vessel because the water in the vessel connected with that of the surrounding functional vessels is under negative pressure Sperry 2003, Brodersen et al. 2010) . If geometries of the bordered pits vary greatly, it should be difficult for pit valves to collapse simultaneously. No studies, however, have tested the simultaneousness.
Here we assessed the above two hypotheses for the mechanism of refilling of the embolized xylem vessels surrounded by the vessels under negative pressure using shoots of mulberry (Morus australis Poir.). First, we confirmed whether xylem refilling under negative pressure occurs in the stems of potted mulberry saplings. Then, the pit membrane osmosis hypothesis was examined by estimating the semi-permeability of the pit membranes to molecules of various sizes. We also examined the pit valve hypothesis by measuring the pressure of xylem sap at which the pit valve collapsed by gas dissolution in the pit chamber. For assessments of these hypotheses, we used the singlevessel method (Zwieniecki et al. 2001) .
Results

Xylem refilling in stems of potted mulberry saplings
First, we confirmed that xylem refilling under negative pressure occurs in the stems of the potted mulberry trees. The xylem refilling was assessed by comparing the percentage loss of stem conductivity (PLC) before and after rehydration. Concerning the hydraulic conductivity measurements, it has been reported that severing xylem vessels under significant tension may introduce embolism into the xylem even if the excisions are made under water (Wheeler et al. 2013 , Torres-Ruiz et al. 2015 . Thus, excision without relaxing xylem pressure may cause the underestimation of hydraulic conductivity in the test segments. Wheeler et al. (2013) have recommended that xylem tension of the shoot should be relaxed by rewatering and gradual cuttings to avoid this artifact before the segments for the measurement were prepared. However, even a relatively short-term rewatering (for 2 min) can cause some xylem refilling, which brings about overestimation of the hydraulic conductivity (rehydration artifact; Trifilò et al. 2014) . To avoid these artifacts, we excised test segments at a low tension without long-term rewatering (see the Materials and Methods).
When the mulberry shoots in the potted plants were desiccated to the stem xylem pressure of -1.37 ± 0.121 MPa (mean ± 1 SD, n = 6), PLC in the relaxed stem segments was 67.5 ± 12.9% (mean ± 1 SD, n = 6) (Fig. 2) . In another set of plants, the stem xylem pressure recovered fromÀ1.34 ± 0.0685 MPa to -0.390 ± 0.250 MPa (mean ± 1 SD, n = 4) after 3 h of rehydration. PLC also declined to 41.6 ± 15.8% (mean ± 1 SD, n = 4) after the rehydration. The difference in PLC between the dehydrated and the rehydrated samples was statistically significant (t-test, P = 0.02).
Semi-permeability of pit membranes
We estimated the degree of the semi-permeability of the pit membranes. Sucrose and polyethylene glycol (PEG) of four different molecular masses were used. The solution of either of the test compounds was pressurized through an open vessel (OV) in the stem segment, and the efflux from the other vessel that diverged from the vessel via the bordered pits (pit-passing vessel, PPV) was collected, using the single-vessel method (Fig. 3B) . We calculated the reflection coefficient from the asymptotic relationship between the solute concentration and the flow rate. If the pit membranes are semi-permeable to the tested compound, the concentration of the solution through the PPV will be lower than that of the solution introduced, and the reflection coefficient value will be positive. Contrary to this expectation, the sucrose concentration in the solution through the PPV significantly increased to 27.4 ± 1.4 mM (mean ± 1 SE, n = 19), and the concentrations of the solutions introduced to and through the OV were 19.4 ± 0.8 mM (mean ± 1 SE, n = 6) and 19.2 ± 0.9 mM (mean-± 1 SE, n = 12) (Fig. 4A) . The sucrose concentration in the solution through the PPV was not significantly related to the relative flow rate (Fig. 4B) . Consequently, the obtained reflection coefficient for sucrose was slightly negative.
When solutions of PEG 3,400, 8,000 or 20,000 were tested, the concentrations of these solutions were not significantly related to the relative flow rate [correlation coefficients and significance levels were: PEG 3,400, r = -0.237 and P = 0.855 (n = 22); PEG 8,000, r = -0.0112 and P = 0.514 (n = 12); and PEG 20,000, r = 0.244 and P = 0.223 (n = 12)]. The reflection coefficients of the pit membranes (s) were estimated to be nearly zero for all these PEG solutions (s = 0Á012 for PEG 3,400, s = -0Á036 for PEG 8,000 and s = 0Á016 for 20,000). There were no significant differences in PEG concentrations among the solution introduced to the OV, that through the OV and that from the PPV (Fig. 5) . For the PEG 500,000 solution, interestingly, the flow rate through the PPV was extremely small, probably because PEG 500,000 molecules clogged the pores of the pit membranes, and thereby suppressed flow of the solute as well as that of the solvent. In other words, the pit membranes might be semi-permeable to PEG 500,000 molecules, but the reflection coefficient for PEG 500,000 could not be estimated.
Threshold pressure for stabilization of pit valve
Stability of the pit valve during xylem refilling depends on the pressure difference (ÁP) between the gas trapped in the bordered pit (P gas ) and the water in the refilling vessel (P liq ), namely, P gas -P liq . ÁP is determined by the geometry of the pit chamber and the chemistry of the pit wall. For the geometry of the pit chamber, the perimeter of the pit aperture, the crosssectional area of the pit aperture and the flaring angle of the bordered pit chamber walls (2a) were measured on scanning electron microscopy (SEM) images (Fig. 6) . The semihydrophobic nature of the pit wall is reflected by the contact angle of the water meniscus with the pit wall. For the present calculation, the maximum and the minimum contact angles reported by Zwieniecki and Holbrook (2000) , 55 and 42 , were used. The perimeter of the pit aperture was 6.92 ± 1.22 mm (mean ± 1 SD, n = 72), the cross-sectional area of the pit aperture was 3.15 ± 0.943 mm 2 (mean ± 1 SD, n = 72) and 2a was 146 ± 13.8 (mean ± 1 SD, n = 13). Then, the most negative pressure ÁP (ÁP min ) should be obtained by Equation 5. ÁP min ranged from -0.0692 to -0.101 MPa. In other words, the maximum liquid pressure at which the pit valve is retained ranged from 0.0692 to 0.101 MPa.
To assess experimentally the threshold pressure up to which pit valves are retained, we artificially made the pit valves in the bordered pits in the intervessel wall between the OV and PPV using the single-vessel method ( Fig. 3C-E ) and measured the hydraulic conductance for the flow from the OV to the PPV at different positive pressures. When the hydraulic conductance was zero, it was assumed that pit valves blocked the flow. On the other hand, non-zero hydraulic conductance indicated that the pit valves had collapsed. There was no flow through the PPV at pressures lower than the threshold pressure, which ranged from 0.025 to 0.10 MPa depending on the shoot segments (0.025 MPa for three segments and 0.1 MPa for one segment; Fig. 7 ). Beyond the threshold pressure, substantial flows from the OV to the PPV were detected. The maximum hydraulic conductance was found at 0.050-0.15 MPa depending on the shoot segments (Fig. 7) . When the pressure was changed from the threshold pressure to the pressure achieving the maximum hydraulic conductance, we observed gradual increases in the flow rate to the steady-state levels (Fig. 8) . At higher pressures, the hydraulic conductance gradually decreased, and it was 30-40% of the maximum value at 1.0 MPa (Fig. 7) . When the applied pressure was successively decreased, the hydraulic conductance recovered in three samples. Substantial hydraulic conductance was found even at 0.025-0.10 MPa, the pressures at which there had been no flows. The solutions in the OV were removed by injecting N 2 gas from capillary-A while pulling the solution in the PPV from capillary-B. (E) Then, the lumen of the OV was refilled with KCl solution by pushing the solution from capillary-A at a low pressure. Solid and broken lines are vessels filled with liquid and gas, respectively. See text for details.
Discussion Xylem refilling in potted mulberry plants
When the dehydrated plants were irrigated, PLC significantly decreased from 67.5% to 41.6% (Fig. 2) . For PLC measurements, we relaxed xylem tension of the stem through two processes to avoid artificial air entry into xylem vessels in cutting stems (cutting artifact; Wheeler et al. 2013 ). We first re-watered the excised shoot from the stem cut end at the shoot base for 1 min because relaxation for 2 min would cause extra xylem refilling due to capillary rise, resulting in erroneous results (relaxation artifact; Trifilò et al. 2014) . It might be possible that the rewatering for only 1 min could not relax the xylem pressure sufficiently, so that we then rehydrated the shoots by making the shoot absorb water from leaves. The leaf laminas and petioles were cut successively from the proximal parts under water prior to excision on the stem. At this moment, embolism due to entry of air in the leaves might occur near the place of the first cut. However, when cuttings were made gradually under water, xylem water potential of leaf veins was relaxed and further entry of gases into the xylem vessels would not occur. In this method, the rehydration and relaxation of xylem tension in the stem proceed without extra xylem refilling due to capillary rise because the stem xylem did not have contact directly with water. From the present data, therefore, we confirmed that the xylem refilling under negative pressure occurred in the stem xylem of mulberry.
Testing the pit membrane osmosis hypothesis
Reflection coefficient of the pit membranes for various molecular sizes. The reflection coefficient of the pit membranes was nearly zero and there were no significant differences in the PEG concentration between the solutions introduced to the OV and solutions from the PPV even for PEG 20,000 (Fig. 5) . This suggests that the velocity of the solute flow was not lowered by the hydroxyl groups in the PEG molecule or by the molecular size of PEG 20,000 (Stokes' radius of 4.16 nm according to Singh et al. 1998 ). Thus, it would be difficult for the pit membranes of mulberry stems to have semi-permeability for sugars such as sucrose that are much smaller than PEG 20,000. However, when PEG 500,000 was examined, we found a distinct decrease in the flow rate of the solution passing through the pit membranes. This was probably because the pores in the pit membranes were clogged with molecules of PEG 500,000. Because the PEG 500,000 could not pass through the pit membranes, the pit membranes could have semi-permeability for molecules with molecular size such as PEG 500,000, the Stokes' radius of which is 25.0 nm (Singh et al. 1998) . Given that the average pore radius in the pit membranes in mulberry is similar to the values, namely 10-25 nm, reported for four woody plants by the measurement of the pressure required to force air or microparticles through the membrane (Choat et al. 2003) , the present results are reasonable. However, extremely large compounds are not suitable for generation of a considerable negative osmotic potential in the refilling vessel. If a solution is constituted only by molecules with a radius of 4.16 nm, the minimum osmotic potential will be no less than -10 kPa (Zwieniecki and Holbrook 2009 ). Hence, the pit membrane osmosis hypothesis cannot explain the refilling under strong negative xylem pressure such as observed in mulberry shoots (Fig. 2) .
Release of sugar to vessel lumen. We found that the concentration of sucrose increased in the solution after passing through the bordered pits (Fig. 4A) . This increase may be attributed to release of sucrose from the adjacent parenchyma cells into the vessel lumen (Secchi and Zwieniecki 2012) . If the rate of sucrose transport from xylem parenchyma cells were constant, the sucrose concentration of the solution through vessels would decrease with the increase in the flow rate. Conversely, the concentration of the solution through the PPV tended to increase slightly with increasing flow rate (Fig. 4B , r = 0.327, P = 0.172, n = 19). Secchi and Zwieniecki (2011) reported that, in Populus trichocarpa, sucrose in the vessels stimulated a decrease in starch content in wood, an increase in sucrose content in wood and increases in transcription levels of PtBMY1, 3 and PtSUC2, encoding b-amylases and a sucrose transport protein, respectively. From these results, they suggested that the accumulation of sucrose in vessels induces release of sucrose from xylem parenchyma cells. In the present experiment, the pressure applied to the sucrose solution was successively increased. Thus the solution with the highest flow rate caused by the highest pressure was collected > 30 min after Irrespective of the PEG molecular sizes, no significant differences were detected among the concentrations of the solution introduced to the OV, solution through the OV and solution through the PPV (one-way ANOVA. PEG 3,400: P = 0.956, n ! 8; PEG 8,000: P = 0.924, n ! 9; PEG 20,000: P = 0.706, n ! 9). Changes in the relative hydraulic conductance for the flow through the pit membranes with the applied pressure. The pit valves were artificially made in the intervessel pits between the OV and PPV. Then, hydraulic conductance of a flow through the pit membranes was measured as the pressure was successively increased. After pressurizing to 1.0 MPa, the pressure was successively decreased to 0.025 MPa. Each curve represents a different stem sample.
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the application of the sucrose solution was started. Therefore, the activation of sucrose transporters might occur during the experiment. Mulberry stem xylem has axial vasicentric parenchyma ( Supplementary Fig. S1 ), which should play a significant role in refilling (Salleo et al. 2004 ).
Testing the pit valve hypothesis
Threshold pressure to retain pit valves. Our results indicate that the threshold pressure to retain the pit valves ranged from 0.025 to 0.10 MPa (Fig. 7) . These values were in the same range as the pressure estimated from the geometry of the pit chamber (0.0692-0.101 MPa). Notably, based on theoretical analyses of the xylem refilling, Vesala et al. (2003) indicated that the maximum pressure in a refilling vessel is 0.05 or 0.08 MPa for a single vessel with diameter of 100 or 15 mm. Because the vessel diameter in mulberry stem xylem is within this range, it is highly probable that the lumen of the refilling vessel can be isolated by the pit valves during the vessel refilling. Interestingly, the hydraulic conductance for the flow passing through the bordered pits decreased with the increasing applied pressure, but increased again with the decreasing applied pressure in some samples (Fig. 7) . These changes in the hydraulic conductance can be explained by the elastic stretching of the pit membranes (Sperry and Hacke 2004 ). The pressure difference across the pit membrane will bend the pit membrane towards the side of a lower hydrostatic pressure. Under a sufficiently large pressure difference, the pit membranes will be aspirated to the cell wall of the pit chamber. Thus, the area of the pit membrane through which the solution can flow should decrease to that of the pit aperture, resulting in a substantial drop in hydraulic conductance. When the pressure difference decreases, the pit membranes will be elastically relaxed, and the hydraulic conductance will recover. Sperry and Hacke (2004) calculated that a pressure difference of only 0.0928 MPa causes the pit membranes to be aspirated to the pit chamber on the basis of material mechanics. Most of the pit membranes can be bent toward the side of the functional vessel under negative pressure during refilling of the embolized vessel. Because the ratio of the area of the pit membrane to the cross-sectional area of the pit aperture was 13.6 ± 3.38 (mean-± 1 SD, n = 30, Fig. 6B ) in mulberry, the flow through the aspirated pits can substantially decrease.
Simultaneous collapse of pit valves. To complete vessel refilling, the gases in the pit chambers should be simultaneously dissolved when the refilling vessel connects with the neighboring functional vessels. Otherwise, it could be possible that remaining gases expand to re-embolize the refilling vessel because the water in the neighboring functional vessels is under negative pressure Sperry 2003, Brodersen et al. 2010) . Based on our calculation of the pressure difference by capillary force (ÁP = gG), the gas trapped in the pit chamber should expand to fill the lumen of the refilling vessel when xylem sap tension is less than -0.16 MPa.
We found that it took several minutes for the flow through the PPV to reach a steady state at low pressures just above the threshold, but at the other pressures the steady flow rate was reached immediately after the pressure changed (Fig. 8) . The time lag for reaching the steady flow implies that the pit valves disappeared progressively. That is, gases in the pit chambers might be dissolved at different rates under a given pressure. In two out of four segments, we observed very gradual increases in the hydraulic conductance with the increasing pressure above the threshold value (triangles and diamonds in Fig. 7 ; Zwieniecki et al. 2001) . This also suggests that all the pit valves do not collapse simultaneously. The pressure difference due to surface tension at the gas-water interface in the bordered pit is dependent on the geometry of the bordered pit. The variation in the geometry of the pits in mulberry stems (Fig. 6) could explain the differences in the rate for the gas dissolution.
Water balance to maintain a positive pressure in a refilling vessel A positive pressure can be maintained in the refilling vessel, even when all the pit valves have not collapsed simultaneously, if the inward water flow from parenchyma cells due to osmotic pressure can be more than the outward flow from the refilling vessel. Then, the drop in the hydraulic conductance in pits due to aspiration of the pit membranes can be important to prevent such a failure in refilling of the embolized vessel. For a model vessel (60 mm in diameter and 10 cm in length; see Supplementary Figs. S2, S3) , we estimated the inflow rates to be 1 Â 10 -5 and 1.3 Â 10 -3 mm 3 s -1 using the refilling speeds of 6 Â 10 -7 mm s -1 reported for Vitis vinifera by Brodersen et al. (2010) and of 6.8 Â 10 -5 mm s -1 for Cucumis sativus by Scheenen et al. (2007) , respectively. The outflow rates of mulberry vessels, all pits of which are permeable, will be 4.4 Â 10 -2 mm 3 s -1 , if the hydraulic conductance across pits and pressure difference between refilling and the neighboring vessels are 0.164 mm 3 MPa -1 s -1 (the average maximum hydraulic conductance across pits obtained in the pit valve measurements) and 0.27 MPa. Given that aspiration of the pit membranes reduces the outflow to a 10th, the inflow from Scheenen's study was the same order as the outflow. The drop of outward flow due to aspiration of the pit membranes will facilitate successful connections between the refilling and the neighboring vessel.
On the other hand, a too high inflow rate can lead to the failure of refilling. The pit valve hypothesis predicts that the extra high positive lumen pressure larger than the threshold pressure can result in dissolution of gases in pits before completion of vessel lumen refilling, resulting in the failure of refilling as reported by Brodersen et al. (2010) . The high positive pressure can be generated by a high inflow rate of water from xylem parenchyma or by slow air dissolution into the surrounding water (Zwieniecki et al. 2001) . The successful refilling is also dependent on the balance between them.
Conclusion
The pit membrane osmosis hypothesis proposes that refilling is achieved by the release of polysaccharides of high molecular masses which are impermeable to the pit membranes from xylem parenchyma into the refilling vessel lumen. However, the molecule size required for the non-zero reflection coefficient of pit membranes in mulberry would be unrealistically large. In contrast, the pit valve hypothesis proposes that gas is trapped within each bordered pit. In the present work, we demonstrated that the gases can be retained in the bordered pits. If the pressure in the refilling vessel is below the threshold pressure to retain the pit valve, this hypothesis may be relevant. We also showed that all the pit valves did not collapse simultaneously, which means the possibility that re-cavitation of the refilling vessel occurs. To resolve this problem, the balance between the inflow rate and the outflow rate of water is important for the completion of the refilling eventually when the lumen is refilled completely and gas exists only in pits. Nevertheless, the pit valves will form spontaneously when the refilling occurs. Then, pit valves will reduce the outflow of refilling vessel water and contribute to the efficient refilling of the vessel lumen.
Materials and Methods
Plant materials
Most of the experiments were conducted on current-year shoots of mulberry (Morus australis Poir., Moraceae) excised from trees growing on the Hongo campus, the University of Tokyo (35 42 0 48 00 N, 139 45 0 44 00 E, 20 m a.s.l.). Mulberry is a deciduous tree species, and stem xylems of these current-year shoots had wide vessels; the mean hydraulic vessel diameter defined as AEd , where d is the vessel diameter (Sperry et al. 1994) , was 60.5 ± 4.00 mm (mean ± 1 SD, n = 8, Supplementary Fig. S2 ). The maximum vessel length obtained by the air infiltration technique (Greenidge, 1952 ) was 39 ± 4.0 cm (mean ± 1 SD, n = 4). The vessel length distribution in stems obtained by the silicone injection method (Christman et al. 2009 ) is shown in Supplementary  Fig. S3 . Current-year shoots longer than 1 m were sampled at night when their transpiration rates were low. The shoots were cut at their bases, put into plastic bags and brought to the laboratory. These shoots were recut under water 3 cm above the cut ends and allowed to hydrate overnight in the plastic bags with their cut ends in the water. We used these hydrated shoots for all measurements. Xylem refilling in potted mulberry was assessed in September 2015. Measurements of the reflection coefficient of the pit membranes were conducted between August and November 2011. SEM observations of stem xylem were made in October 2011. Measurements of pit valve stability were made in December 2011, May 2012 and May 2013. In Tokyo, the minimum air temperature in December 2011 was 1.5 C, and plants hardly experienced the subfreezing temperature in December (Japan Meteorological Agency, http://www.jma. go.jp/jma/indexe.html). Therefore, the mulberry stems examined would not have experienced excessive frost damage.
Embolism repair in the mulberry stem
For the assessment of xylem refilling under tension, we measured the changes in stem hydraulic conductivity and stem xylem pressure before and after rehydration using dehydrated potted mulberry plants. The potted plants were desiccated to a stem xylem pressure of -1.36 ± 0.0998 MPa (mean ± 1 SD, n = 10) by withholding the irrigation. The stem xylem pressure was assessed by measuring xylem negative pressure of their leaves sealed with aluminum tape to equilibrate the xylem pressure of the leaves with that of the stem xylem (Taneda and Sperry 2008) . Six out of 10 dehydrated plants were sampled to measure stem hydraulic conductivity before rehydration. The remaining four potted plants were irrigated, and were sampled 3 h after the irrigation. The stem xylem pressure was measured on leaves covered with aluminum tape, and stem hydraulic conductivity after rehydration was determined.
It was necessary that the test stem segments were prepared for stem hydraulic conductivity measurements under a low xylem tension without longterm re-watering to avoid artificial cavitation and refilling (Wheeler et al. 2013 , Trifilò et al. 2014 . The attached leaves in these six dehydrated and four rehydrated shoots were sufficiently wetted, and were sliced under water with a fresh razor blade little by little from the periphery of the leaf blades to the bases of the petioles to allow the xylem tensions to relax rapidly. After the shoots were rewatered for 1 min, the apical side of the stem was cut under water. The stem was cut at > 60 cm below the cut end under water using a funnel. Both ends of the segments were removed under water in three cuts of about 3 m (in total at least 10 cm), with 5 s intervals between the cuts, and a 40 cm long stem segment was made. Then, we removed 1 cm bark segments from both cut ends of the stem segments and trimmed the segments with a fresh razor blade.
The stem segment was connected to silicone tubes filled with 20 mM KCl solution that had been filtered through a 0.2 mm membrane filter (Sartorius).
The hydraulic conductivity of the stem segment (k h , embolized , kg m s -1 MPa -1 ) was measured as described in Sperry et al. (1988) . Then, the segment was flushed with 20 mM KCl solution at a positive pressure of 0.3 MPa for 15 min to remove native embolism, and maximal hydraulic conductivity (k h , max , kg m s -1 MPa -1 ) was measured. Xylem dysfunction due to embolism was assessed as the percentage loss of conductivity (PLC):
Reflection coefficient of the pit membranes
The reflection coefficient is the measure of the degree of semi-permeability of the membrane and ranges from one (no passage, ideal semi-permeable membrane) to zero (passage not hindered). The reflection coefficient was measured to assess the semi-permeability of the pit membranes. Solute flux across a membrane, at a distance x (m) from the membrane surface, forced by diffusion and mass-flow, J s (mol m -2 s -1 ), is given by:
where ? (m 2 s -1 ) is the local solute permeability coefficient, s is the reflection coefficient, J v (m s -1 ) is the solvent flux and c (mol m -3 ) is the solute concentration at x (Spiegler and Kedem 1966) . By integrating with respect to x and introducing the solute permeability coefficient P s [P s = P/Áx, Áx is the membrane thickness (m)], we obtain:
where
0 is the solute concentration in the upstream side, and c 00 is the solute concentration in the downstream side (i.e. c 00 = J s /J v ).
If the pit membranes limit solute movement, the reflection coefficient will be above zero and the solute concentration in the solution after passing through the pit membranes (downstream side) is lower than that of the upstream solution. Moreover, according to Equations 3 and 4, the solute concentration in the downstream solution (c 00 ) approaches (1 -s) c 0 as the flow rate increases because F approaches zero.
To calculate the reflection coefficient of the pit membranes, the flow rate of the solution through the pit membranes was gradually increased by increasing the pressure applied. The reflection coefficient was determined as the asymptotic value of 1 -c 00 /c 0 .
We measured the reflection coefficients of the pit membranes for sucrose and PEG of different molecular masses. Stem segments (about 4 cm long and about 8 mm in diameter) were cut from the shoots and trimmed with a fresh razor blade. Microcapillary tubes with an inner diameter of 0.6 mm (G-1, NARISHIGE) were pulled with a horizontal-type puller NARISHIGE) . In mulberry, current-year stems have secondary xylem of diffuse porous-like vessel distribution, while, from the second growing season, secondary xylem shows ring-porous vessel distribution ( Supplementary Fig. S4 ). The tip of a microcapillary (capillary-A) was inserted into an open lumen of a wide single vessel (50-80 mm in diameter) by the aid of a micromanipulator (M-152, NARISHIGE), under a stereo microscope (SMZ, Nikon). Subsequently, the cut end of the stem (side-A) was sealed with fast-setting acrylic glue (Loctite407, Henkel Japan).
Capillary-A was supported by three glass rods that were glued to the side of the stem segment (Zwieniecki et al. 2001) . For detection of the other vessel that diverged from the vessel via the bordered pits (the PPV), acid fuchsin dye (0.2% in deionized water) filtered through a 0.2 mm filter was flushed from capillary-A at 0.6 MPa using an N 2 cylinder for 10 s (Fig. 3A) . At the same time, the opposite end of the segment (side-B) was kept under water to prevent the cut surface of side-B from being stained with dye that flowed out from side-B. After the pressure release, the cut surface of side-B was carefully observed using the stereo microscope, and the stained vessels were counted. When the number was >2, then the stem segment length was shortened until the number was reduced to two. In most cases, the segment was eventually shortened to about 2 cm. The OV and PPV were detected by sending air using a syringe connected to capillary-A via a silicone tube. One of the two stained vessels on side-B from which air bubbles appeared at a low pressure was the OV and the other vessel was the PPV. The second microcapillary (capillary-B) was inserted into the lumen of the PPV. Taking care not to cover the OV, capillary-B was sealed into the vessel with glue, and supported with three glass rods. The 20 mM KCl solution was supplied from capillary-A into the vessel at 0.3 MPa to check whether the solution flowed out from the OV and capillary-B. Then, capillary-B was cut to 2-3 cm in length.
For measurement of the reflection coefficient of the pit membranes, we used solutions of sucrose, PEG 3,400 (MP Biomedicals), PEG 8,000 (ICN Biomedicals Inc.), PEG 20,000 and PEG 500,000 (Wako Pure Chemical Industries, Ltd.), with average molecular masses of 3,400, 8,000, 15,000-25,000 and 300,000-500,000. The concentrations of sucrose, PEG 3,400, 8,000, 20,000 and 500,000 solutions were 20 mM, 1, 1, 0.7 and 0.2% (w/v), respectively. Each of these solutions was filtered through a 0.2 mm membrane filter before use except for the PEG 500,000 solution. The test solution was introduced from capillary-A at a positive pressure of 0.3, 0.6 or 0.9 MPa generated by the N 2 cylinder. To attain a steady flow at a given pressure, we waited for about 10 min. During this period, >10 ml of the solution flowed out through capillary-B. Then, we collected a sufficient volume of solution (>5 ml) to measure the concentration with a silicone tube connected to capillary-B (Fig. 3B) . To avoid evaporation of the collected solution, the end of the tube was plugged with a small volume of water. The movement of the meniscus was recorded every 30 s, and the flow rate was calculated. Concomitantly, the solutions introduced to and the drops passed through the OV were collected (Fig. 3B ). For each of the solutions, the measurements were conducted with at least three different stem segments.
The sucrose concentration in the collected solutions was determined from the difference between the total glucose upon addition of invertase (Wako Pure Chemical Industries) and free glucose. The glucose concentration was determined with a glucose assay kit (Glucose CII-test Wako, Wako Pure Chemical Industries).
The concentrations of PEG solutions were determined by the turbidimetric method of Ty (1979) , which is based on the development of a PEG-TCA-Ba complex when PEG is exposed to trichloroacetic acid (TCA) in the presence of barium ions. Duplicate determinations were performed for all the standards and samples.
Surface tension of the gas-water interface in a pit chamber
The stability of the pit valve depends on the pressure applied to the gas in the pit chamber because the gas dissolves in the surrounding water under positive pressure (above atmospheric pressure). Because there is a pressure difference between the gas in the pit chamber and the water in the refilling vessel (ÁP) due to the surface tension, the pressure of gas trapped in the bordered pit (P gas ) is given by the sum of the liquid pressure (P liq ) and ÁP, namely, P gas = P liq + ÁP. When ÁP is more negative, it is easier to maintain the gas. ÁP depends on the curvature of this interface determined by the geometry of the pit and wall chemistry. When the gas-water interface reaches the flared opening of the pit chamber, ÁP will be most negative (ÁP min ). ÁP min was calculated from the capillary equation:
where g is the surface tension of water (0.072 N m -1 at 25 C), G is the ratio of the perimeter to the cross-sectional area of the pit aperture opening (m -1 ), y is the contact angle of water on the pit wall and a is the wall angle (Zwieniecki and Holbrook 2000) .
To calculate ÁP min , we measured the perimeter of the pit aperture, crosssectional area of the pit aperture and angle of the bordered pit chamber walls (2a) on SEM images using ImageJ (http://rsb.info.nih.gov/ij/). Small pieces (5 Â 5 Â 5 mm) of the stem segments were fixed and dehydrated in 100% ethanol. The samples were air-dried and coated with platinum (JEOL JFC-1300 Auto Fine Coater). The specimens were observed under a scanning electron microsocpe (JEOL JSM-6510LV). y was assumed to range from 42 to 55 (Zwieniecki and Holbrook, 2000) . For y and 2a, see Fig. 1B .
Measurement of the pressure at which pit valves collapse
To estimate the threshold liquid pressure at which pit valves were retained, we artificially made the pit valves in the intervessel pits, and measured the maximum pressure that does not allow the flow across the pits by dissolving gases in pit valves. As for the measurements for the reflection coefficient, the OV and PPV were found using the single-vessel method (Zwieniecki et al. 2001) . Both the OV and PPV were refilled by supplying 20 mM KCl solution filtered through a 0.2 mm filter from capillary-A at a pressure of 0.3 MPa (Fig. 3C) . To form the menisci at pores in the OV to PPV pit membranes, we connected capillary-B to a hydraulic suction pump (GLD-135, Ulvac/Sinkukiko), and applied a negative pressure at -0.08 MPa. Simultaneously, N 2 gas was introduced through capillary-A at a positive pressure of 1.0-2.0 MPa. In this segment, theoretically, the OV should be filled with gas. In contrast, the PPV should be filled with water because gas entry into the PPV may be blocked by capillary forces at the small pores in the pit membranes (Fig. 3D) . The pressure applied to the OV was slowly released. The 20 mM KCl solution was forced to flow into the OV from capillary-A at a low pressure of approximately 0.015 MPa to refill the OV lumen, and not to dissolve the gas in pit chambers. The samples in which liquid flow in capillary-B was detected were discarded because some of the pit valves were likely to have collapsed in these samples. After ensuring outflow of the solution from the OV, the pressure applied to the OV was released and the cut end of side-B was sealed with glue ( Fig. 3E) . Subsequently, the negative pressure exerted on capillary-B was released slowly. These processes were conducted carefully because even a very small pressurization would make the menisci in the pit membranes move toward the OV, resulting in disruption of the pit valves. When the solution in the OV from the capillary-A side was pressurized, the flow in capillary-B would be blocked as long as pit valves were retained. A silicone tube was connected to capillary-B, and the KCl solution was forced to flow from capillary-A at a positive pressure of 0.025 MPa. Immediately after pressurization, the movement of the meniscus in the silicone tube was recorded using a digital camera (Optio W60, PENTAX) every 30 s for 5 min. The pressure applied was successively increased in steps to 1.0 MPa. No flow would be detected at low pressures due to the existence of the pit valves, while a substantial flow in capillary-B should be detected after pit valves collapsed by application of higher pressure. After pressurizing to 1.0 MPa, the pressure was successively decreased to 0.025 MPa and the flow rate through capillary-B was measured.
The velocity of the meniscus movement per unit time in capillary-B was calculated from image data using ImageJ. The hydraulic conductance was determined from a ratio of the flow rate at steady state to the pressure applied. In case the flow was not stabilized within 5 min, the hydraulic conductance was determined from a ratio of the flow rate for the last 1.5 min to the pressure applied. The changes in the flow rate through capillary-B were evaluated by the hydraulic conductance relative to the maximum value of each sample.
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